Abstract. With blooming interests in the research of biodegradable polyesters produced from microorganisms as well as polymer processing and technology, this study is intended to reveal the influence of thermal treatment on the molecular weight of poly(3-hydroxybutyrate-co-3 mol% 3-hydroxyhexanoate)/P(3HB-co-3 mol% 3HHx), a copolymer of polyhydroxyalkanoates (PHA). P(3HB-co-3 mol% 3HHx) was thermally treated using Differential Scanning Calorimeter and analyzed using Gel Permeation Chromatography and Attenuated Total Reflectance-Fourier transform infrared (ATR-FTIR) spectrometer. Results from gel permeation chromatography suggest a major reduction of molecular weight up to 50 % when P(3HB-co-3 mol% 3HHx) is exposed to 180 °C for 30 mins. The half-time degradation of P(3HB-co-3 mol% 3HHx) treated at 170 °C and 180 °C is 14.1 and 9.9 mins, respectively. FTIR spectroscopy shows an increase absorbance intensity of P(3HB-co-3 mol% 3HHx) after thermal treatment, indicating a formation of more alkenyl and carboxylic end-group in polymer chains due to random chain scissions.
Introduction
Polyhydroxyalkanoates (PHA) is a family of microbial polyesters produced as carbon reserves in cytoplasm of microorganisms [1] . It is recognized that PHA undergoes random chain scission at and above its melting temperature, and studies concerning thermal degradation of microbial PHA by various analytical tools have been performed since 1980s. Grassie and co-workers, in 1984, showed a formation of terminal carboxyl and vinyl groups when poly(3-hydroxybutyrate) is exposed at temperature from 170 -200 °C [2] . Following this, thermal degradation of copolymers such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) have also been studied [3, 4] . In a recent publication, Sin et al. [5] study the kinetics of thermal degradation of medium-chain-length polyhydroxyalkanoates (mcl-PHA) based on thermogravimetric measurement. The decomposition temperature has linear relationship with the heating rate as it increases with increasing heating rate. It should be noted, however, the product of thermal degradation is useful for further reaction with i.e. epoxy groups when it comes to polymer blends.
In this paper, we attempt to study the extent in which molecular weight of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) containing small amount of 3-hydroxyhexanoate changes as a function of holding temperatures. This allows a further insight into the temperature-and timedependent of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) at temperature above its melting point. Further to this, the changes are confirmed using an accurate, simple and sensitive spectroscopic method to detect the functional groups of degraded polymer chains.
Experimental
Materials. Microbial poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) containing 3 mol% 3-hydroxyhexanoate/P(3HB-co-3 mol% 3-HHx) with melting temperature 160 °C was used in this study. P(3HB-co-3 mol% 3-HHx) was produced from biosynthesis of C. necator PHB¯4 transformant harboring PhaC of Aeromonas caviae [6] utilizing crude palm kernel oil as sole carbon source. Analytical grade solvents (Merck KGaA, Darmstadt, Germany) such as chloroform and methanol were used in our study unless otherwise stated. Thermal treatment. P(3HB-co-3 mol% 3-HHx) was purified in chloroform and ice-cold methanol prior to thermal treatment under nitrogen atmosphere (flow rate: 50 mL min −1 ) in differential scanning calorimeter (DSC) TA Q200 (USA) equipped with refrigerated cooling system 90-series. An exact mass in the range of 3 -5 mg purified sample was encapsulated in standard aluminum DSC pan before placing into DSC cell. The sample was heated from 30 °C to two temperatures at 170 °C and 180 °C at a heating rate of 10 °C min −1 , held for different holding times (1, 3, 5, 7, 10, 15, 30 mins), and cooled to 30 °C. Analytical techniques. The treated sample was analyzed using Gel Permeation Chromatography (GPC) and Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectrometer. In GPC analysis, P(3HB-co-3 mol% 3-HHx) sample was dissolved in HPLC grade chloroform (Fisher Scientific, UK) to produce a concentration of 1 mg mL −1 polymer solution readily for molecular weight analysis. The weight-average molecular weight (M w ) was measured using an Agilent 1200 GPC (Agilent, USA) at 40 °C coupled with refractive index detector and Waters Styragel columns (HR 3 and HR 5E). Chloroform HPLC grade was also used as eluent at flow rate of 0.8 mL min −1 . Polystyrene standards (Sigma-Aldrich, USA) (M w = 70,000 to 1,000,000 g mol −1 ) with narrow polydispersity were used to prepare a calibration curve. Analysis of M w degradation was performed using exponential decay model according to Eq. 1 and Eq. 2. The IR spectrum was recorded at room temperature by FTIR Spectrum One spectrometer (Perkin Elmer, USA) equipped with ATR cell. P(3HB-co-3 mol% 3-HHx) sample was placed on top of Diamond ATR crystal and spectra recorded at a resolution of 2 cm −1 with 16 scans. The spectral range was 4000 -650 cm −1 .
where, 2 / 1 t (half-time decay) denotes time needed for 50 % reduction of initial molecular weight ( w0 M ) under isothermal thermal treatment; ) ( w t M is the molecular weight of polymer at time t; and λ is the decay constant of molecular weight (min −1 ). Fig. 1 shows weight average molecular weight, M w , versus holding time for P(3HB-co-3 mol% 3HHx) treated at 170 °C and 180 °C. It is evident from Fig. 1(a) that M w of P(3HB-co-3 mol% 3HHx) drops exponentially from 7.4 × 10 5 g mol −1 to 2.4 × 10 5 g mol −1 after holding for 30 mins at 170 °C. By increasing the holding temperature to 180 °C for 30 mins [ Fig. 1(b) ], the M w also drops to 2.4 × 10 5 g mol −1 . Further calculation of exponential decay reveals that the half-time decay of P(3HB-co-3 mol% 3HHx) treated at 170 °C is 14.1 mins, while the half-time decay of P(3HB-co-3 mol% 3HHx) treated at 180 °C is 9.9 mins. The decay exponent (λ) of P(3HB-co-3 mol% 3HHx) treated at 170 °C and 180 °C is 0.05 min −1 and 0.07 min −1 , respectively. This shows that at higher temperature, the M w reduction of P(3HB-co-3 mol% 3HHx) seems to be more apparent during the first 10 mins of holding temperature. can be assigned to asymmetrical stretching vibration (v as C=O) of highly ordered P(3HB-co-3 mol% 3HHx) chain, while the wavenumbers at 3436 cm −1 is assigned to the OH vibration (vOH) in carboxyl group of P(3HB-co-3 mol% 3HHx) [6] . It seems that after thermal treatment for 30 mins, the absorbance intensity of C=O, C=C (1687 cm −1 ) and -OH increases. This confirms formation of more alkenyl and carboxylic end-group in polymer chains due to random chain scissions [7] . Fig. 2 FTIR spectra of P(3HB-co-3 mol% 3HHx) thermally treated at 170 °C at different holding time [7] . 
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Conclusion
Thermal degradation observed from the changes in M w of P(3HB-co-3 mol% 3HHx) are discussed. It is shown that the M w decreases exponentially as a function of holding time at temperature above its melting temperature. At higher holding temperature (180 °C), the M w of P(3HB-co-3 mol% 3HHx) reduces at a faster rate as compared to that of the lower holding temperature (170 °C). ATR-FTIR results confirm the formation of alkenyl and carboxylic end-group in polymer chains due to random chain scissions. It is concluded that thermal degradation of P(3HB-co-3 mol% 3HHx) behaves in similar manner as compared to that of other PHA such as P(3HB) and P(3HB-co-3HV).
